Nanostructured metal oxides and particularly nanofiber based materials can provide significant advances for the miniaturization of electronic, optoelectronic, photonic, sensor, and energy conversion devices with enhanced performance based on their unique material properties. In this study, indium doped zinc oxide ͑IZO͒ nanofibers were synthesized by electrospinning. These nanofibers have diameters in the range 50-100 nm. The effects of indium addition on the structural, optical, and electrical properties of the zinc oxide nanofiber matrices were investigated. The IZO nanofibers undergo significant changes in their optical and electrical properties compared to undoped zinc oxide nanofibers.
I. INTRODUCTION
Zinc oxide ͑ZnO͒ is a multifunctional material, which has been widely used for various applications such as, varistors, 1,2 transistors, 3 sensors, [4] [5] [6] piezoelectric devices, 7 solar cell windows, 8 UV and blue light emitting devices, 9 and surface acoustic wave devices. 10, 11 ZnO films, in particular, are attracting more attention as transparent conductive films and gas sensors because of their wide availability, amenability to doping, low cost, nontoxicity and hence easy handling, and stability in hydrogen atmospheres. 12, 13 Different physical as well as chemical techniques have been employed to prepare undoped and doped ZnO films, e.g., vacuum evaporation, 14 spray pyrolysis, [15] [16] [17] rf magnetron sputtering, [18] [19] [20] [21] sol-gel methods, 22, 23 pulsed laser deposition, 24, 25 metal-organic chemical vapor deposition, 26, 27 and molecular beam epitaxy. 28 In this article, the preparation and characterization of indium doped ZnO by electrospinning are described. The electrospinning technique has the advantage of low cost, ease of use, safety, and has the potential to be implemented for large area deposition. The primary motivation for doping indium into ZnO is wavelength tunability for optoelectronic applications, although doping also results in marked changes in the electrical properties of ZnO as demonstrated in this work. Modifications of the crystal structure, optical absorption properties, electrical conductivity, and chemical makeup brought about by doping on the zinc oxide nanofibers are studied. These indium doped zinc oxide nanofibers have potential applications in catalytic, photocatalytic, photonic, electronic, sensor, and solar energy conversion devices.
II. EXPERIMENTAL DESCRIPTION
The IZO nanofibers were synthesized by adding sol-gel precursors to a polymer solution followed by electrospinning. The main features of the electrospinning system are fully described elsewhere. [29] [30] [31] For the preparation of zinc oxide precursor solutions, zinc acetate ͓Zn͑CH 3 COO͒ 2 , Aldrich, 99.99% purity͔ was dissolved in de-ionized water at a mass ratio of 1:4. A polyvinylpyrrolidone ͑PVP, Aldrich͒-ethanol ͑Pharmco͒ solution with a mass ratio of 1:6 ͑PVP: ethanol͒ was added to the aqueous zinc acetate solution at a mass ratio of 1.5:1 to provide adequate viscosity necessary for electrospinning. The indium precursor solution was prepared by dissolving indium chloride ͑InCl 3 , Alfa-Aesar, 99.99% purity͒ in de-ionized water at a mass ratio of 1:4. All the solutions mentioned above were magnetically stirred for 24 h at room temperature.
The amount of aqueous indium chloride in the electrospinning solution was varied according to the desired level of doping. The In concentrations ͑In/ In+ Zn͒ ϫ 100% in the four different starting solutions were 0, 1.00, 1.75, and 6.50 at. %. Each solution was magnetically stirred for 1 h at room temperature before electrospinning to synthesize nanofibers.
The solutions were electrospun at a potential difference of 20 kV and a constant solution flow rate of 5 l / min with a 20 cm distance from the needle tip to the fiber collector. The resultant fibers were heated to 873 K at a heating rate of a͒ Author to whom correspondence should be addressed; electronic mail: gchase@uakron.edu 10 K / min and then kept at 873 K for 5 h to yield ceramic nanofibers. Compositions and characteristics of the four different IZO samples used in this investigation are summarized in Table I .
III. RESULTS AND DISCUSSION

A. Electron microscopy analysis
The average fiber diameters and microstructures of different IZO nanofibers were obtained from scanning electron microscopy ͑Hitachi S-2150͒ and high resolution transmission electron microscopy ͑Technai F30͒. Figure 1 shows a representative scanning electron microscopy ͑SEM͒ image of IZO nanofibers calcined at 873 K. The average diameter for these IZO nanofibers was determined to be approximately 80 nm. There was no significant change in the average diameters of zinc oxide nanofibers with varying indium additives in the nanofiber matrix. Figure 2 shows the representative high-resolution transmission electron microscopy ͑HRTEM͒ images of IZO nanofibers. HRTEM images reveal that the IZO nanofibers are highly crystalline and composed of single crystalline grains 20-30 nm in diameter.
B. X-ray diffraction analysis
Structural identification of the electrospun IZO nanofibers calcined at 873 K was carried out using x-ray powder diffraction patterns obtained with a Philips diffractometer employing Cu K␣ radiation, with 2 in the range 10°-60°. The diffraction patterns of different IZO nanofiber samples are presented in Fig. 3 . The x-ray diffraction ͑XRD͒ patterns indicate that all of the nanofiber structures are well crystallized after calcination at 873 K for 5 h. The diffraction peaks for the zinc-based nanofiber materials in Fig. 3 are consistent with the hexagonal zinc oxide crystal structure reported in literature. 32 The grain size D was calculated from the ͑101͒ peak width using Scherrer's formula
where D, , , and B are the mean crystallite size, the x-ray wavelength, the Bragg diffraction angle, and the full width half maximum ͑FWHM͒ of the ͑101͒ diffraction peak, respectively. No diffraction peaks of any other structure such as In 2 O 3 or In͑OH͒ 3 were found in the zinc oxide nanofiber matrix. The microstructural parameters of the four different nanofiber samples based on the XRD patterns are given in Table I . The size distribution calculated from the XRD data is slightly larger than the results obtained from HRTEM micrographs. This difference in size distribution arises due to the fact that TEM measured area weighted grain size distribution, while XRD measured volume averaged size distribution. The grain size was found to increase monotonically with the increase in indium concentrations. Table I . The increase in the unit cell dimensions for the doped samples ͑relative to the starting material͒ is consistent with the notion of induced strain by the dopant and the maximum microstrain was measured in the order of 0.002.
C. Ultraviolet-visible spectroscopy
A Cary 300 spectrophotometer was used to obtain ultraviolet-visible ͑UV-Vis͒ diffuse reflectance spectra of the IZO nanofibers. Samples were ground to a fine powder and packed into a shallow stainless steel sample plaque. The optical diffuse reflectances of the samples were measured in the wavelength range 200-800 nm. Figure 4 shows representative spectra for different IZO nanofiber samples. Based on these reflectance spectra, the absorption edge for each material was determined by the first derivative method. Using the calculated absorption edge values, the band gap energies were calculated as 3.37 eV for undoped ZnO nanofibers and 3.32, 3.20, and 3.15 eV for the three doped samples ͑IZO1, IZO2, and IZO3͒, respectively, using the relationship of photon energy and frequency E = h, where h is Planck's constant ͑6.626ϫ 10 −34 J s͒ and = c / , where c is the speed of light ͑2.998ϫ 10 8 m / s͒ and is the wavelength of light. The variation in the optical bandgap energy can be attributed to perturbation of the carrier concentration in the conduction band arising from In doping on ZnO as observed in some previous studies. 33, 34 The optical bandgap of the four different samples calculated from the absorption edges are given in Table I .
D. Current-voltage "I-V… and conductivity measurements
The electrical properties of the IZO nanofibers were investigated using a Keithley 2410 sourcemeter. IZO nanofibers were ground and formed into pellets ͑6 mm diameter and 0.75 mm thickness͒ at a hydrostatic pressure of 45 MPa to measure the electrical conductivity. A thin layer of nickel metal with a thickness of 100 nm was deposited on the flat surfaces of the pellet using plasma enhanced physical vapor deposition ͑PEPVD͒ to minimize contact resistance. The nickel coated IZO pellets were placed on an insulating glass slide and electrical contacts were made with silver paste at the two flat surfaces using Ag wires.
The conductivities ͑, S/cm͒ of the IZO materials were calculated using the resistance R obtained from the I-V measurement, length L, and cross sectional area A of the pellets as = L / RA. Figure 5 shows the conductivity and optical bandgap energies of different IZO nanofibers at room temperature. Compared to the undoped zinc oxide nanofibers, the IZO materials exhibit enhanced electrical conductivity. This tendency could be explained based on the incorporation of In atoms into the ZnO lattice, during the crystal growth process in the following manner. As the In concentration in the solution increases, more and more In atoms occupy Zn sites, and an electron is donated to every In atom, increasing the carrier concentration. Since the solid solubility limit of the indium content in ZnO is about 2 at. %, it is probable that segregation of indium is occurring at least in the IZO3 materials, perhaps as indium oxide in the grain boundaries. 
E. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy ͑XPS͒ ͑VG ESCALAB MK II, West Sussex, UK͒ was used to study of the chemical nature of the IZO nanofibers. The base pressure in the analysis chamber was kept less than 1 ϫ 10 −9 mbar. A twin anode x-ray source Mg K␣ ͑1253.6 eV͒ and Al K␣ ͑1486.6 eV͒, and a concentric hemispherical analyzer are housed in the XPS system. During all experiments discussed here, XP spectra were obtained using the Al K␣ x-ray source. The parameters used for XPS experiments were an anode voltage of 9 kV, an electron multiplier voltage of 2850 eV, anode current of 20 mA, filament current of 4.2 A, pass energy of 50 eV, dwell time of 100 ms, and energy step size of 0.5 eV in constant analyzer energy mode for survey scans. High resolution scans were performed at an energy step size of 0.02 eV and a pass energy of 20 eV with all other parameters the same as used in survey scans.
The survey XP spectra of undoped zinc oxide and IZO nanofibers are shown in Fig. 6 . As the content of indium increased, the indium 3d doublet XP feature ͑445-455 eV͒ grows in intensity as expected. 35, 36 In addition to the Zn 2p doublet peaks between 1020 and 1050 eV and O 1s singlet feature near 530 eV that were observed, the adventitious C 1s peak near 285 eV was also detected.
For detailed study of the IZO nanofibers, high resolution XP scans were performed in the binding energy ranges of indium 3d, oxygen 1s, and zinc 2p states. Figures 7͑a͒-7͑c͒ show the high resolution XP spectra of In 3d, O 1s, and Zn 2p regions of IZO nanofibers, respectively. Charging effects were corrected using the C 1s peak of drift carbon at 284.6 eV as a reference. 37 As the atomic percentage of indium in the starting solution increased from 1.0% to 6.5%, the In 3d doublet XP feature ͓in Fig. 7͑a͔͒ grew in intensity. The peak intensities of the O 1s and Zn 2p features shown in Figs. 7͑b͒ and 7͑c͒ , respectively, did not change significantly, but the peak shapes and peak positions changed.
The peaks were not symmetric in the high resolution XP spectra for indium and zinc in our electrospun nanofibers. The phenomena implied that multiple oxidation states of indium and zinc exist in the samples. To understand the oxidation states, peak deconvolution was performed for In 3d 5/2 , O 1s, and Zn 2p 3/2 and the results are shown in Figs. 8͑a͒-8͑c͒, respectively. In the peak deconvolution process, only In 3d 5/2 and Zn 2p 3/2 were analyzed instead of the full doublet peaks because large spin-orbit splitting constants are large ͑7.54 and 23 eV, respectively͒. 38 The FWHMs used for peak deconvolution are 2.1Ϯ 0.1, 2.0Ϯ 0.1, and 2.1Ϯ 0.1 eV for In 3d 5/2 , O 1s, and Zn 2p 3/2 , respectively, using XPSPEAK program ͑ver. 4.1͒. After the deconvolution process, two oxidation states were assigned for indium species: one for metallic indium at a binding energy of 444.5Ϯ 0.2 eV and one for indium oxide at around 445.1Ϯ 0.1 eV. These assigned val- ues are in good agreement with the reported binding energy. 35 Two oxidation states were assigned for zinc species: one for Zn 0 at a binding energy of 1021.6Ϯ 0.1 eV and the other for Zn 2+ at around 1022.3Ϯ 0.2 eV. 39 Three oxidation states were assigned for oxygen species: one for O-In at a binding energy of 530.2Ϯ 0.2 eV, 35 for O-Zn at around 530.9Ϯ 0.2 eV, 40 and for surface oxygen at around 532.3Ϯ 0.1 eV. 41, 42 As the indium content increased from 1.0% to 6.5%, the ratio of In 0 to In 3+ increased from 1.86 to 2.58 but the ratio of Zn 0 to Zn 2+ decreased from 2.10 to 1.44, as shown in Figs. 8͑a͒ and 8͑c͒. This phenomenon could be explained by zinc acting as a reducing agent with a lower reduction potential ͑−0.764 V͒ compare to that of indium ͑−0.338 V͒. 43 It is reasonable to conclude that zinc was oxidized while indium was reduced spontaneously as the indium content increased. This is supported by the ratio of oxygen species shown in Fig. 8͑b͒ . The percentage of O-Zn increased from 19.3% to 38.8% and that of O-In decreased from 63.3% to 55.0% as the indium content of the IZO materials was raised. Figure 9 shows the valence band region of XP spectra of our electrospun nanofibers. The indium 4d feature ͑ϳ17 eV͒ clearly grows as the indium content in IZO nanofibers increases as seen in Fig. 9͑a͒ . The peak center of the density of states near 0 eV ͓Fig. 9͑b͔͒ shifts to a lower binding energy with an increase in the indium content that is consistent with the increased conductivity data shown in Fig. 5 .
IV. CONCLUSIONS
IZO nanofiber mats have been successfully prepared by electrospinning polymer solutions containing the sol-gel precursors followed by heating the fiber mats. XRD analysis shows typical patterns of the hexagonal ZnO structure for both doped and undoped ZnO nanofibers. The incorporation of In into the ZnO nanofiber matrix was verified by the XPS measurements. The optical bandgap energies of the different doped ZnO nanofibers varied from 3.15 to 3.37 eV, decreasing with the increased In concentration in the solution. Conductivity measurements show that incorporation of dopantindium increased the conductivity of zinc oxide nanofibers two orders of magnitude consistent with changes in the electric structure and oxidation state of the materials. Electrospinning is found to be a simple, low cost method for dopant incorporation in the nanofiber matrix. It is therefore possible to bring about desirable changes in the structural, electrical, and optical properties of metal oxide nanofibers which can widen their applicability. 
